Polyploidy, or whole genome duplication, has played a major role in the evolution of many eukaryotic lineages. Although the prevalence of polyploidy in plants is well documented, the molecular and cytological consequences are understood largely from newly formed polyploids (neopolyploids) that have been grown experimentally. Classical cytological and molecular cytogenetic studies both have shown that experimental neoallopolyploids often have meiotic irregularities, producing chromosomally variable gametes and progeny; however, little is known about the extent or duration of chromosomal variation in natural neoallopolyploid populations. We report the results of a molecular cytogenetic study on natural populations of a neoallopolyploid, Tragopogon miscellus, which formed multiple times in the past 80 y. Using genomic and fluorescence in situ hybridization, we uncovered massive and repeated patterns of chromosomal variation in all populations. No population was fixed for a particular karyotype; 76% of the individuals showed intergenomic translocations, and 69% were aneuploid for one or more chromosomes.
Polyploidy, or whole genome duplication, has played a major role in the evolution of many eukaryotic lineages. Although the prevalence of polyploidy in plants is well documented, the molecular and cytological consequences are understood largely from newly formed polyploids (neopolyploids) that have been grown experimentally. Classical cytological and molecular cytogenetic studies both have shown that experimental neoallopolyploids often have meiotic irregularities, producing chromosomally variable gametes and progeny; however, little is known about the extent or duration of chromosomal variation in natural neoallopolyploid populations. We report the results of a molecular cytogenetic study on natural populations of a neoallopolyploid, Tragopogon miscellus, which formed multiple times in the past 80 y. Using genomic and fluorescence in situ hybridization, we uncovered massive and repeated patterns of chromosomal variation in all populations. No population was fixed for a particular karyotype; 76% of the individuals showed intergenomic translocations, and 69% were aneuploid for one or more chromosomes. Importantly, 85% of plants exhibiting aneuploidy still had the expected chromosome number, mostly through reciprocal monosomy-trisomy of homeologous chromosomes (1:3 copies) or nullisomy-tetrasomy (0:4 copies). The extensive chromosomal variation still present after ca. 40 generations in this biennial species suggests that substantial and prolonged chromosomal instability might be common in natural populations after whole genome duplication. A protracted period of genome instability in neoallopolyploids may increase opportunities for alterations to genome structure, losses of coding and noncoding DNA, and changes in gene expression.
compensated aneuploid | segmental allopolyploid P olyploidy has played a major role in the evolution of many extant eukaryotic lineages (1) . In plants, genomic and transcriptomic data associate some ancient polyploidy events with major radiations, including the emergence of seed plants and angiosperms (2) and some large clades within angiosperms (3) . The phylogenetic positioning of these ancient polyploidy events suggests that they might have led to key phenotypic innovations or an increased tolerance to extreme environmental changes (1, 2, 4, 5) . Within genera, polyploidy has coincided with an estimated 15% of angiosperm speciation events (6) . However, over recent time scales, polyploids diversify more slowly than their diploid relatives and are more likely to go extinct, perhaps due in part to the unstable nature of neopolyploids (7) .
Classical cytological studies have shown that many newly formed experimental autopolyploids and allopolyploids produce chromosomally variable gametes and progeny (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . One important consequence for allopolyploids is that they might not behave strictly as "constant species-hybrids" (20) ; that is, disomic inheritance at each parental locus may be upset, and genetic heterozygosity between the parental species may not remain fixed after whole genome duplication (18) . In some cases, the regularity of meiosis was found to increase rapidly in experimental neoallopolyploids that were initially chromosomally unstable (21, 22) ; for example, after just five selfed generations, Nicotiana neoallotetraploids displayed bivalent pairing and >99% stainable pollen (22) . Very little is known about the extent or duration of chromosomal variability in natural neoallopolyploid populations. Standard chromosome counts can identify numerical aneuploidy, in which there is a change in the total chromosome number; however, aneuploidy is much harder to detect in a polyploid in which chromosome numbers vary within parental subgenomes but the total chromosome number remains unchanged. Such chromosome substitutions have been shown for a subset of chromosomes in a few experimental neoallopolyploids (21, 22) . Only one recent molecular cytogenetic study, on the synthetic allotetraploid Brassica napus, was able to detect aneuploidy across all chromosomes, including where it resulted in substitutions, in the early generations postpolyploidization (23) . Standard meiotic (24) and mitotic karyotypic analyses (25) , as well as the distribution of centromeric and telomeric markers (26) , have suggested that the recently formed allopolyploids Tragopogon miscellus and Tragopogon mirus are chromosomally stable. However, preliminary work using genomic and fluorescent in situ hybridization (GISH and FISH, respectively) revealed aneuploidy and translocations in a few individuals of both allotetraploids (27) .
Here we present the results of an in-depth molecular cytogenetic survey of a naturally occurring neoallotetraploid, T. miscellus. This species is ∼80 y old (ca. 40 generations for this biennial), having formed repeatedly in North America after the introduction of its diploid (2n = 12) progenitors, Tragopogon dubius and Tragopogon pratensis, from Europe in the early 1900s (24, 28) . As noted earlier, preliminary GISH/FISH analyses revealed deviations from the expected additive karyotype in two of the three T. miscellus individuals analyzed (27) , but given this small sample size, the extent of this phenomenon in nature remained unclear. Thus, an important aim of the present study was to examine variation within and between populations across a greater part of its range. Using updated in situ methodology, we obtained complete karyotypes of 68 individuals grown from field-collected seed from six natural populations (Fig. 1) , an additional sample comprising a set of 10 siblings (Materials and Methods), and eight field-collected plants.
Results and Discussion GISH and FISH Karyotyping of T. miscellus. GISH karyotypes readily distinguished chromosomes derived from the diploid progenitors, T. pratensis and T. dubius (referred to as P-and D-subgenomes, respectively), which together constitute the T. miscellus genome (Fig. 2) . GISH signals at several positions, including some known to comprise repetitive DNA (Fig. 2) , permitted identification of all chromosomes within each subgenome (Fig. 2) . The effectiveness of GISH in discriminating DNA of the progenitors was confirmed using a pair of dispersed repeats, each of which is highly represented in only one diploid parent (Fig. 3) . These repeats and additional FISH probes confirmed chromosome designations based on GISH.
Extensive Karyotypic Variation Is Present in All Analyzed Populations.
From the six populations studied (Spokane-2, Veradale, Post Falls, Coeur d'Alene, Oakesdale, and Pullman), only 31% of T. miscellus plants (n = 18) had additive (euploid) karyotypes (Fig. 4 and Figs. S1-S5), which contain the expected two copies of each parental chromosome (e.g., Fig. 2 ). The remaining 69% of plants had one or more aneuploid chromosomes (which were not present in two copies); 10% were either 2n = 23 (n = 2) or 2n = 25 (n = 4), and 59% were 2n = 24 (n = 34). The sample of 10 sibling plants from Spokane-1 was also highly variable ( Fig. S6 and Table S1 ) and showed a similar frequency of euploids (n = 2) and aneuploids that were either 2n = 25 (n = 1) or 2n = 24 (n = 7) ( Table 1) . Such extensive variation in chromosomal copy number is unprecedented within natural populations, but has been reported for synthetic allotetraploid B. napus (25) and, to a lesser extent, for synthetic allohexaploid wheat (29) .
Aneuploidy Frequently Results in Chromosome Substitutions. Plants from all seven natural populations of T. miscellus were pooled for analyses of aneuploidy. Of the 48 aneuploid plants analyzed, 41 (34 from the six sampled natural populations plus 7 of the 10 sibling plants from Spokane-1) represent "compensated aneuploids" (22) because they had the "euploid" number, 2n = 24 (Fig. 4) . In these plants, the numbers of chromosomes deviating above and below two copies are equal, giving 24 chromosomes. This is the first report of such extensive compensated aneuploidy in nature, although it has been found in experimental neoallopolyploids (23, 29) , and such chromosome substitutions have been used extensively in cereal breeding (30) (31) (32) . Compensated aneuploidy in natural populations of T. miscellus provides a powerful mechanism influencing the inheritance and fixation of alleles in early allopolyploid evolution.
For all but one of the 41 compensated aneuploid plants, aneuploidy was reciprocal between putative homeologs (e.g., A Du and A Pr ), occurring as either monosomy (one copy) for one homeolog and trisomy (three copies) for the other homeolog, or, less often, nullisomy (zero copies) and tetrasomy (four copies) (Fig. 4) . Thus, the sum of each homeologous chromosome group (A-F) was consistently four in 40 of the 41 plants. The single were first subjected to FISH (top row) using probes for 35S rDNA (green), a centromeric repeat (TPRMBO; red), and a subtelomeric repeat (TGP7; yellow). The same spread was then reprobed with total genomic DNA (GISH; middle row) of T. dubius (green) and T. pratensis (red); chromosomes were counterstained with DAPI (gray). The lower row shows the same chromosomes with only DAPI staining (blue). Each chromosome is present in two copies (disomic). Examples of chromosomes that are homologs and homeologs are indicated. (Scale bar: 5 μm.) were first subjected to FISH (upper row) using a mixture of two probes for DNA repeats abundant in only one of the diploid parental genomes, T. pratensis (pra001; red) and T. dubius (dub005; green). In addition, a subtelomeric repeat (TGP7; yellow) present in both subgenomes was included, and DNA was counterstained with DAPI (gray; visible where the probe signal is less intense). The same chromosome spread was then reprobed with total genomic DNA (lower row) of T. dubius (green) and T. pratensis (red). (Scale bar: 5 μm.) 2n = 24 plant that did not follow this pattern (Coeur d'Alene plant 2738-2-1) was monosomic for the E chromosome of T. dubius origin (E Du ) and trisomic for the F chromosome of T. pratensis origin (F Pr ) ( Table 1) . This resulted in a total of three group E chromosomes and five group F chromosomes.
Of the 40 plants of T. miscellus with 2n = 24 and aneuploidy between homeologous chromosomes, 29 had only one case of mono-trisomy or nulli-tetrasomy (i.e., a single monosomic or disomic substitution, respectively). The remaining plants showed multiple substitutions involving two (n = 9), three (n = 1), or four chromosome groups (n = 1) (Fig. 4) , but in all cases the total number of chromosome copies was four for each of the six groups.
Aneuploidy is expected to result in lowered metabolic efficiency due to disturbances in the normal protein stoichiometry for affected dosage-sensitive genes (33) (34) (35) (36) . One possible explanation for the repeated occurrence of homeologous substitutions is that the tetrasomic dosage might be maintained for genes present on both homeologs (37) . This inference of homeology in T. miscellus is underscored for chromosome groups B-E, which were found in nulli-tetrasomic combinations in T. miscellus. In other allopolyploids, substantial synteny is required for compensation of complete chromosome loss (nullisomy) by chromosomes from another progenitor or related species (23, 32, (38) (39) (40) . The data that we report suggest that chromosomes A-F of T. dubius and T. pratensis origin correspond to six groups of largely homologous (homeologous) chromosomes. The compensatory pattern may result from mispairing at meiosis (e.g., in multivalents), leading to the missegregation of homeologous chromosomes (41) (42) (43) .
Aneuploidy Does Not Show a Consistent Parental Bias in T. miscellus.
A combined analysis of the aneuploidy data from the six natural populations did not demonstrate a significant parental bias in terms of either chromosome gains (trisomy or tetrasomy; P = 0.50, one-sample proportions test) or chromosome losses (monosomy or nullisomy; P = 0.20, one-sample proportions test) (Fig.  5) . Opposing trends were apparent among populations, however. Only plants from Coeur d'Alene showed a trend toward a gain of P-subgenome chromosomes and a loss of D-subgenome chromosomes. This population was also unusual in that only E and F chromosomes were aneuploid (Table S1 and Fig. S4 ). When the other five populations (Spokane-2, Veradale, Post Falls, Oakesdale, and Pullman) were analyzed together, D-subgenome chromosomes were gained more often (P = 0.05, one-sample proportions test), and P-subgenome chromosomes were lost more often (P = 0.01, one-sample proportions test). This bias appears irrespective of parentage; plants in Pullman have T. dubius as the maternal parent, whereas all others have T. pratensis as the maternal parent (44) . The bias against chromosomes of T. pratensis origin contrasts with genomic investigations using assays based on single nucleotide polymorphisms, which have shown that gene copies of T. dubius origin are lost more often than those of T. pratensis origin (44) (45) (46) (47) (48) . Thus, chromosome gains and losses alone cannot explain the gene copy number bias, pointing to other mechanisms. Small-scale nonreciprocal exchanges or deletions, arising via translocations and/or homeologous recombination as observed in other allopolyploids (49) (50) (51) , also may be occurring in T. miscellus.
Intergenomic Translocations Occur Predominantly Between Homeologous
Chromosomes. Rearrangements between subgenomes were common in T. miscellus, detected on at least one chromosome in 76% of the individuals (44 of 58), not including the 10 sibling progeny from Spokane-1. The group A chromosomes showed the highest frequency of apparent homeologous exchanges with at least five different translocation breakpoints in individuals from six populations (Table S1 ). Similarly, translocations on the long arms of B Du and B Pr were observed in plants from all seven populations (Table S1 ), suggesting that this region might have a propensity toward intergenomic recombination.
Despite the extensive karyotypic variation seen overall, some populations exhibited distinctive karyotypic signatures. Eight of the 10 plants from Spokane-2 shared what appear to be the same homozygous reciprocal translocations on A Du /A Pr (Fig. S1 ). Only individuals from Post Falls had an apparent nonreciprocal translocation on the short arm of D Du (Fig. S3) . On careful visual inspection of intergenomic translocations, all appeared to be either reciprocal or nonreciprocal exchanges between homeologous chromosomes.
T. miscellus Populations Represent Independent Origins. Microsatellite data obtained for populations sampled in this study, along with previous studies (28, 52) , indicate that each of the populations sampled represents an independent polyploid origin (Fig. S7) . Microsatellite data suggest that plants of separate origin co-occur in Spokane-2 and Post Falls. In a few cases, genotypic and karyotypic data suggest that crossing might have occurred between plants of different polyploid origins (e.g., Spokane-2: 2730-8-3 and 2730-10-1; Figs. S1 and S7), but this appears to be very limited.
Plants Showing Aneuploidy and Rearrangements Persist in Natural
Populations. The chromosomal variation described above was present in plants derived from field-collected seed; thus, the extent to which this type of variation persists among adults growing in natural populations is unknown. To address this issue, individual rosettes were collected from Pullman, WA. Of eight individuals analyzed, two were compensated aneuploids, showing a single case of monosomy-trisomy between homeologous chromosomes, and six were euploid (Fig. S8) ; five of the plants also showed translocations. Thus, both aneuploidy and translocations were also observed in plants from natural populations. Of note, two of these eight plants appeared to be fully additive of the progenitor genomes, showing neither aneuploidy nor translocations, whereas only three fully additive plants were found among the 68 plants grown from seed. This finding suggests that in natural populations there may be selection against karyotypes with more extreme aneuploidy and rearrangements; this hypothesis merits further testing.
T. miscellus Remains Chromosomally Variable. Unlike the diploid progenitors of T. miscellus, T. dubius and T. pratensis, both of which have stable karyotypes (24, 25) , none of the ca. 40-generation-old populations of T. miscellus appeared to be chromosomally uniform. No T. miscellus population was fixed for a single karyotype, and few plants had a karyotype that was completely additive of the two parents. Furthermore, the number of aneuploid sibling progeny generated by one plant (the Spokane-1 maternal plant) was comparable to the percentage of aneuploids observed across all of the populations examined here.
The extensive aneuploidy (69%) observed across T. miscellus populations is similar to what has been reported for other synthetic or spontaneous neoallopolyploids, most of which are of younger age than T. miscellus. FISH revealed the presence of a similar percentage of aneuploids (71%) in the fifth generation (S 5 ) of synthetic B. napus; this value continued to rise, reaching 95% by the S 10 generation (23) . Classical cytological studies revealed that in the first generation of a spontaneous Crepis allotetraploid (21), 78% of the plants were aneuploid (comprising 49% numerical aneuploids and 29% compensated aneuploids) (21) , and in the first generation of an induced Cyrtanthus allotetraploid (22) , 61% of the plants were aneuploid (comprising 57% numerical and 4% compensated aneuploids). Only a few chromosomal substitutions in Crepis and Cyrtanthus neoallopolyploids were detectable, because not all parental chromosomes were morphologically distinct; thus, these values are likely underestimates (18) . Synthetic S 2 bread wheat (Triticum aestivum) lines exhibited 0-50% aneuploidy, with variation attributable to progenitor background (29) . Instability in wheat neoallopolyploids probably could be increased further in the absence of Ph1, which prevents homeologous pairing (29, (53) (54) (55) .
Selection for increased fertility should stabilize the genome and reduce the extent of aneuploidy over time (56) . However, if a compensated aneuploid plant has little reduction in fitness (i.e., homeologous chromosomes substitute for each other), and if the production of aneuploids is ongoing, then the interplay between generation of and selection against aneuploids is unclear and difficult to predict. Likewise, if new chromosomal combinations arise that are selectively advantageous, then compensated aneuploidy may be maintained. Therefore, chromosomal variation, such as that observed in T. miscellus, perhaps might represent additional variation rather than instability.
Segmental Allopolyploid Behavior. Stebbins (57) coined the term "segmental allopolyploid" to describe polyploids that do not exhibit strict bivalent formation across all chromosomes or disomic inheritance at all loci. At a time when polyploids were classified as autopolyploids or allopolyploids on the basis of chromosome pairing behavior (quadrivalent vs. bivalent formation, respectively), Stebbins considered the parents of segmental allopolyploids to occupy an intermediate level of chromosomal divergence between those of autopolyploids and allopolyploids (57) . He proposed that residual homology between homeologous chromosomes is primarily responsible for inconsistent bivalent formation and nondisomic inheritance. Meiotic irregularities may render segmental allopolyploids unstable (58, 59) , with increasingly rearranged karyotypes and shifts to polysomic inheritance (59). Stebbins's definition was based on a concept of structural homology between progenitor chromosomes, but its application was based on patterns of inheritance and/or chromosome behavior, with an underlying assumption of additivity of the parental genomes. However, the same pattern might arise through compensated aneuploidy with pairing between homologs that are, for example, trisomic or tetrasomic. Based on the extensive compensated aneuploidy observed in T. miscellus, it is likely that deviations from strict bivalent pairing and disomic inheritance in other segmental allopolyploids may also reflect postallopolyploidization processes rather than partial chromosomal homology of the parental genomes.
Consequences for Establishment and Evolution of Young Allopolyploids.
Classical cytological studies of synthetic and spontaneous neoallopolyploids indicate that substantial chromosomal instability often follows whole genome duplication. Recent molecular cytogenetic studies of synthetic B. napus (25) and data provided here for the natural allotetraploid T. miscellus also show cytological variability, but reveal that much of the variation involves chromosome substitutions and rearrangements between homeologous regions. These types of changes would have been difficult or impossible to detect using classical approaches. The consequences of such chromosomal instability may be considerable, possibly including gene loss and alterations in gene expression, both of which have been detected in natural populations of T. miscellus (44) (45) (46) (47) and in synthetic lines of B. napus (49, (60) (61) (62) . Even allohexaploid wheat (T. aestivum), which is ca. 10,000 y old (63), still exhibits some chromosomal instability; aneuploids compose ∼1% of intervarietal populations (64) and ∼2-3% of cultivated lines (29) .
Chromosomal variation, such as nonreciprocal intergenomic translocations and compensating aneuploidy, will yield segregating genetic variation. Given that all individuals resulting from a single polyploidization event are genetically highly similar or potentially even genetically uniform (following a model of spontaneous hybrid doubling), these chromosomal mechanisms would supply genetic variation in advance of point mutations in the new allopolyploid. Available data suggest that natural populations of neoallopolyploids may undergo a prolonged period of aneuploidy and rearrangements before genomic stabilization, increasing opportunities for alterations in genome structure, losses of coding and noncoding DNA, changes in gene expression, segregating genetic variation and the possibility of genetic and phenotypic novelty.
Materials and Methods
Seed Collections. Seeds were collected from 60 plants from six populations, plus 10 sibling progeny (sharing at least the maternal parent) collected from a single plant from a seventh population (Spokane; 2729). Details are provided in SI Materials and Methods. Vouchers for each of the populations were deposited at the University of Florida Herbarium.
Plant Collections from the Field. A sample of 22 plants was collected from Pullman, WA on April 14, 2011, as plants emerged in the spring (just before bolting). These plants had overwintered as basal rosettes. They were shipped to the University of Florida, planted, and grown in the greenhouse, after which roots were obtained for analysis.
Progenitor DNA Repeat Identification/Isolation. Repetitive sequences were identified from genomic 454 sequences using an approach similar to that described previously (65) . Details are provided in SI Materials and Methods.
Chromosome Preparation. The final 2 cm of growing roots were harvested and pretreated in an aqueous solution of 2 mM 8-hydroxyquinoline (SigmaAldrich) for 4.5 h at 4°C. Metaphase chromosome spreads were prepared as described previously (66) . Details are provided in SI Materials and Methods.
GISH and FISH. Probes of genomic DNA for GISH and repetitive DNA for FISH were fluorescently labeled and then applied to chromosome spreads as described by Birchler et al. (66) , with a few minor modifications. Details are provided in SI Materials and Methods.
Nuclear Microsatellite Analysis. Twelve microsatellite loci for plants from all seven sites were amplified and analyzed as described previously (52) and detailed in SI Materials and Methods.
Statistical Analysis. One-sample proportion tests were conducted with R version 2.13.0 to identify any significant deviation from a null expectation of equality between subgenomes for chromosome copy number increases (either three or four copies) and for decreases (either zero copies or one copy).
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